T cell-mediated immunodestruction of pancreatic ␤ cells is the key process responsible for both the development of autoimmune diabetes and the induction of rejection during islet transplantation. In this study, we investigate the hypothesis that transgenic expression of an agonistic, membrane-bound single-chain anti-CTLA-4 Fv (anti-CTLA-4 scFv) on pancreatic ␤ cells can inhibit autoimmune processes by selectively targeting CTLA-4 on pathogenic T cells. Strikingly, transgenic expression of anti-CTLA-4 scFv on pancreatic ␤ cells significantly protected NOD mice from spontaneous autoimmune diabetes. Interestingly, local expression of this CTLA-4 agonist did not alter the diabetogenic properties of systemic lymphocytes, because splenocytes from transgenic mice or their nontransgenic littermates equally transferred diabetes in NOD/SCID recipients. By analyzing the T cell development in anti-CTLA-4 scFv/Th1/Th2 triple transgenic mice, we found that ␤ cell-specific expression of CTLA-4 agonist did not affect the development of Th1/Th2 or CD4 ؉ CD25 ؉ regulatory T cells. Most strikingly, islets from transgenic mice inhibited T cell response to immobilized anti-CD3 in a T cell-islet coculture system, suggesting a trans-mediated inhibition provided by transgenic islets. Finally, transgenic islets implanted in diabetic recipients survived much longer than did wild-type islets, indicating a therapeutic potential of this genetically modified islet graft in autoimmune diabetes.
I nsulin-dependent diabetes mellitus (IDDM)
3 is a T cell-mediated autoimmune disease caused by a progressive destruction of the insulin-producing ␤ cells in the pancreatic islets of Langerhans. Both genetic and environmental factors have been linked to the pathogenesis of this disease. The NOD mouse, an inbred strain that spontaneously develops autoimmune diabetes resembling human IDDM, is a widely used animal model for dissecting immunopathological mechanisms and developing preventive and/or therapeutic strategies in IDDM (1) (2) (3) .
It has been well characterized that costimulatory pathways regulate the activation and tolerance of T cells. CTLA-4, also known as CD152 and mainly expressed on activated T cells, is a member of the Ig superfamily and has been defined as a negative regulator of T cell responses (4) . By contrast, CD28, expressed on resting and activated T cells, is a well-known positive regulator for T cell activation (5) . CTLA-4 and CD28 share the same ligands, B7-1 and B7-2, but CTLA-4, with higher binding affinity to B7 molecules, transduces an inhibitory signal to T cells and maintains the tolerance of self-reactive T cells (6) . CTLA-4 knockout mice develop severe lymphoproliferative disorders and die at the age of 3-4 wk (7-9), confirming the negative regulatory role of CTLA-4 in T cell activation and effector function. In the BDC2.5 TCR transgenic NOD mouse model, blocking CTLA-4 signaling by anti-CTLA-4 mAb or deficiency in CTLA-4 leads to early onset of diabetes, indicating a critical role of CTLA-4 in the initiation and progression of autoimmune diabetes (7, 10) . Genetic studies also indicate that the CTLA-4 locus is associated with both human IDDM and diabetic susceptibility in NOD mice (11) . Recently, a lentivirus-transduced RNAi-based CTLA-4 knockdown NOD mouse with a partial reduction in CTLA-4 expression revealed severe lymphocyte infiltrations primarily in islets and acceleration in diabetic development (12) , further confirming that CTLA-4 plays an important role in the negative regulation of lymphocyte activation and is involved in controlling the progression of diabetes in NOD mice. Therefore, augmentation of inhibitory signals by CTLA-4 engagement could be a potential preventive or therapeutic approach to ameliorating autoimmunity in NOD mice.
Membrane-bound single-chain anti-CTLA-4 Fv (anti-CTLA-4 scFv), a chimeric molecule that specifically binds CTLA-4 and provides an agonistic signal, has been demonstrated to down-regulate T cell activation in vitro (13) . Moreover, overexpression of this anti-CTLA-4 scFv on allogeneic tumor cells significantly inhibits allogeneic rejection, indicating an immunosuppressive effect of this molecule in vivo (14) . A recent report nicely demonstrates that transgenic expression of anti-CTLA-4 scFv on B cells can inhibit T cell activation and suppress autoimmune diabetes in NOD mice (15) . However, it is still not known whether expression of membrane-bound agonistic anti-CTLA-4 scFv on pancreatic ␤ cells provides protection in situ in the NOD model by directly targeting CTLA-4 on islet-infiltrating T cells, or whether such genetically modified islets survive better and/or longer in diabetic recipients in a transplantation model.
In this study, we generated a transgenic NOD mouse overexpressing anti-CTLA-4 scFv on pancreatic ␤ cells that could directly bind CTLA-4 molecules on islet-infiltrating self-reactive T cells. Our results show that transgenic expression of anti-CTLA-4 scFv on pancreatic ␤ cells significantly mitigates the severity of insulitis and decreases the incidence of spontaneous diabetes in NOD mice. The protection mediated by this transgenic anti-CTLA-4 scFv is a local effect, because the development of lymphocytes and the diabetogenic properties of systemic T cells were not affected in these transgenic mice. Pancreatic ␤ cells expressing this membrane-bound agonistic anti-CTLA-4 scFv inhibit anti-CD3-stimulated T cell proliferation in a T cell-islet coculture system. Moreover, islet grafts carrying anti-CTLA-4 scFv transgene survive longer in diabetic recipients than do control islets, and significantly attenuate the infiltration of Th1 cells to the implanted area.
Materials and Methods

Mice
and NOD/SCID mice were initially purchased from The Jackson Laboratory and subsequently bred at the Animal Center of the National Defense Medical Center (NDMC) in Taipei, Taiwan. NOD-Th1/2 transgenic mice were generated in our laboratory as previously described (16) . All mice were maintained in specific pathogen-free facilities at NDMC. Experiments were conducted in accord with institutional guidelines and were approved by NDMC Institutional Animal Care and Use Committee (IACUC). The spontaneous incidence of diabetes in the NOD colony was 80 -90% in females and 20 -30% in males by 25 wk of age.
Construction and expression of single-chain anti-CTLA-4 Fv gene
The anti-CTLA-4 scFv was constructed as previously described (17) . Briefly, the anti-CTLA-4 scFv was cloned from total RNA isolated from UC10 -4F10 -11 (4F10) hybridoma cells (American Type Culture Collection) (4) by the method described by Gilliland et al. (18) . Leucine residues at positions 43 and 89 in the 4F10 L chain variable region were mutated to methionine and glutamine, respectively, to increase scFv expression and to enhance the stability and affinity of 4F10 expressed on the surface of cell membranes (19) . The anti-4 -1BB scFv in pLNCX-anti-4 -1BB scFv (20) was removed by digestion with SfiI and SalI restriction enzymes and replaced by anti-CTLA-4 scFv to generate pLNCX-4F10m2-myc-eB7-B7TM. 3T3 fibroblasts were cultured overnight before transfection with 5 g pLNCX-4F10m2-myc-eB7-B7TM and Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen). Expression of anti-CTLA-4 scFv on the cell surface of transfectants was detected by staining the cells with rat-anti-HA (3F10, Roche) followed by FITC-conjugated goat anti-rat IgG (Jackson ImmunoResearch Laboratories). The functional activity of anti-CTLA-4 scFv on these transfected cells was measured by adding recombinant CTLA-4-Ig followed by FITC-conjugated goat anti-human IgG Fc (MP Biomedicals).
Generation of ␤ cell-specific anti-CTLA-4 scFv/eB7/B7TM transgenic NOD mice
The pLNCX-4F10m2-myc-eB7-B7TM was digested with HindIII and ClaI and the anti-CTLA-4 scFv/eB7/B7TM were inserted into the human insulin promoter (pINS) plasmid (21) to generate a pINS-anti-CTLA-4 scFv/eB7/ B7TM construct. A modified human insulin promoter was provided by Dr. Miyazaki at Osaka University, Japan. The linearized DNA fragment with the human insulin promoter and anti-CTLA-4 scFv/eB7/B7TM was purified and microinjected into the pronuclei of one-cell NOD embryos. These injected embryos were then implanted into pseudopregnant (BALB/c ϫ FVB) F 1 females. The presence of transgene was detected by PCR and Southern blot. All transgenic mice used in our study were heterozygous for the anti-CTLA-4 transgene.
Assessment of diabetes and insulitis
Urine glucose concentration was measured weekly or every second day using the Medi-Test Glucose Kit (Macherey-Nagel). Mice with glycosuria Ͼ500 mg/dl on two consecutive tests were classified as diabetic. For histological analysis, pancreata from female mice at the age of 13-14 wk were fixed in 10% buffered formalin. The severity of insulitis was scored blindly on H&E stained sections as previously described (22) . Each islet was scored as follows: intact, islet without infiltrating cells; peri-insulitis, Ͻ25% of the area of an islet was occupied by infiltrating cells; intrainsulitis, Ͼ25% but Ͻ50% of the area of an islet was occupied by infiltrating cells; severe insulitis, Ͼ50% of the area of an islet was occupied by infiltrating cells.
Abs and flow cytometry
Splenocytes and lymphocytes of pancreatic lymph nodes (PLN) of transgenic mice or control littermates or lymphocytes isolated from islet grafts implanted under kidney capsule of diabetic NOD-Th1/2 transgenic recipients were stained with mAbs to surface markers. Abs to murine CD4 (RM4 -5) and CD8a (53-6.7) were purchased from eBioscience. Abs to murine CD19 (1D3), CD25 (PC61), CD90.1 (mThy1.1, OX-7), or to human CD90 (hThy1, 5E10) were purchased from BD Biosciences. Flow cytometric analysis was performed with a FACSCalibur (BD Biosciences).
Isolation and flow cytometric analysis of islet-infiltrating lymphocytes
Pancreata were collected from 12-to 14-wk-old transgenic or control NOD mice. Islets were isolated by collagenase digestion and Histopaque gradient purification. Marginal cells were collected and incubated with Cell Dissociation Buffer (Life Technologies). After passing over a cell strainer, suspended single cells were counted and stimulated with PMA (Sigma-Aldrich) and Ionomycin (Sigma-Aldrich) in the presence of monensin (Sigma-Aldrich) for 4 -5 h. The percentage of IFN-␥-producing Th1 cells was analyzed by intracellular cytokine staining gating on CD4 ϩ lymphocytes.
T cell proliferation assay
Splenocytes from 8-wk-old mice were treated with Tris-buffered ammonium chloride to eliminate the erythrocytes, washed, and resuspended at a cell concentration of 2.5 ϫ 
Adoptive transfer
Splenocytes (2 ϫ 10 7 cells) isolated from 12-wk-old female mice were injected into 8-wk-old female NOD/SCID via the retro-orbital plexus. Diabetes of NOD/SCID recipients was assessed as described above.
Islet isolation and transplantation
Islets were isolated from male mice (Ͻ8-wk-old) by the collagenase digestion method as previously described (24) . In brief, after digestion with collagenase XI (Sigma-Aldrich), islets were separated by density gradient centrifugation. Islets with a diameter between 75 and 250 m were handpicked under a dissecting microscope and confirmed by dithizone (SigmaAldrich) staining (data not shown). For islet transplantation, 700 islets were implanted to the left kidney capsule of newly diabetic female NOD mice or NOD-Th1/2 transgenic mice with blood glucose between 300 and 500 mg/dl. Primary graft function was defined as blood glucose Ͻ200 mg/dl 2 days after transplantation, and graft loss was defined as blood glucose Ͼ300 mg/dl at two consecutive tests.
Statistic
The statistical significance of diabetic incidence and survival of islet grafts were calculated using the Kaplan-Meier method, and the log-rank test was used for the evaluation of significance. In addition, when needed, results were analyzed using Student's t test. Values of p Ͻ 0.05 were considered significant.
Results
Construction and expression of single-chain anti-CTLA-4 Fv gene
To generate an agonistic membrane-bound single-chain Ab which can directly target on CTLA-4, we molecularly engineered the pLNCX-4F10m2-myc-eB7-B7TM construct. This chimeric construct consists of a murine Ig -chain signal peptide, an HA epitope, the anti-CTLA-4 scFv from 4F10 hybridoma with two mutations in the L chain variable region, a myc epitope, an extracellular portion, a transmembrane (TM) domain and the cytosolic tail (CT) of murine B7-1 (Fig. 1A) . Cell surface expression and target molecule binding activity of anti-CTLA-4 scFv on pLNCX4F10m2-myc-eB7-B7TM-transfected 3T3 fibroblasts were measured by flow cytometric analysis (Fig. 1B) . Transfected cells were stained with rat anti-HA followed by FITC-conjugated goat antirat IgG (Fig. 1B, left) , and binding activity of anti-CTLA-4 scFv was detected by adding recombinant CTLA-4-human IgG Fc fusion protein followed by FITC-conjugated goat anti-human IgG Fc (Fig. 1B, right) . Our results clearly indicated that the membranebound anti-CTLA-4 scFv encoded by the chimeric gene was expressed on the surface of transfected cells and could specifically bind CTLA-4. Transfectants expressing anti-CTLA-4 scFv were able to inhibit T cell proliferation induced by immobilized anti-CD3 (Fig. 1C) . These results not only demonstrate the expressional availability and functionality of this chimeric anti-CTLA-4 scFv/eB7/B7TM gene but also suggest that this membrane-anchored single-chain Ab selectively targeting CTLA-4 functions as a negative regulator for primary T cell activation.
Generation of ␤ cell-specific anti-CTLA-4 scFv/eB7/B7TM transgenic NOD mice
To directly investigate the immunomodulatory effect of an organspecific anti-CTLA-4 scFv on the autoimmune process in NOD mice, we established a transgenic mouse model by injecting the pINS-anti-CTLA-4 scFv/eB7/B7TM construct ( Fig. 2A) into fertilized NOD eggs. This construct consists of the human insulin promoter, the first and part of the second noncoding exons of insulin, an intron from rabbit betaglobin, membrane-bound agonistic anti-CTLA-4 scFv/eB7/B7TM, and a poly-A signal from rabbit betaglobin. The insulin promoter used in this construct is highly specific to pancreatic ␤ cells and guides significant production of the transgene (21, 25) . One transgenic line denoted as Founder was obtained from three independent pronucleus microinjections. Southern blot analysis of tail genomic DNA indicated that Founder carries 5-10 copies of the chimeric transgene (Fig. 2B) . To determine the existence of the transgene by genomic PCR and to evaluate the transcription of the transgene by RT-PCR, a forward primer located in the second exon of the insulin gene (P1) and a reverse primer in the coding region of anti-CTLA-4 scFv/eB7/ B7TM (P2), as indicated in Fig. 2A , were designed. Transgenic mice can be easily distinguished from nontransgenic littermates by PCR genotyping with P1 and P2 primers (Fig. 2C) . Our RT-PCR results also demonstrated that the expression of transgene was islet-specific, because the spliced anti-CTLA-4 scFv/eB7/B7TM transcript was only detected in pancreas, not in PLN, spleen, liver, heart, or thymus (Fig. 2D) . The expression level of anti-CTLA-4 scFv protein was measured by Western blot using rat anti-HA Ab. Consistent with the RNA level expression, anti-CTLA-4 scFv protein was also detected in pancreas of transgenic mice, not in PLN or spleen (Fig. 2E ). These results demonstrate that the transgene expression driven by insulin promoter is highly stringent and strongly supports the availability and functionality of our transgenic model system.
Diabetes and insulitis in transgenic mice
To investigate the protective potential of this organ-specific and membrane-bound agonistic anti-CTLA-4 scFv on the development of autoimmune diabetes, we first compared the kinetics and incidence of spontaneous diabetes between transgenic mice and their nontransgenic littermates. Compared with control littermates that started to develop diabetes at 14 wk of age, the first transgenic mouse became diabetic after 17 wk, indicating a delay in disease onset. At around 21 wk of age, the incidence of diabetes in control mice increased rapidly to 59%, but the incidence in transgenic mice was only 7.4%. After 35 wk, more than 88% of control mice had developed diabetes, but the incidence in transgenic mice was around 40% (Fig. 3A) , demonstrating that transgenic expression of anti-CTLA-4 scFv on pancreatic ␤ cells significantly inhibits the development of autoimmune diabetes in NOD mice ( p Ͻ 0.0001).
To investigate the modulatory effect of transgenic anti-CTLA-4 scFv on the development of insulitis, we used histological analysis to evaluate the severity of insulitis in transgenic and control mice at the age of 13-14 wk. Our results indicate that Ͼ41% of islets isolated from transgenic mice were free from mononuclear cell infiltration, while only 16% of islets were intact in their control littermates ( p Ͻ 0.01). Moreover, around 20% of transgenic islets showed severe insulitis, compared with 40% of control islets ( p Ͻ 0.01, Fig. 3B ). These data demonstrate that local expression of transgenic anti-CTLA-4 scFv efficiently attenuates the infiltration of mononuclear cells to islets in NOD mice.
It has been well characterized that an imbalance between Th1 and Th2 responses predisposes NOD mice to developing autoimmune diabetes and the pathogenic T cells inside islets are mostly IFN-␥-producing Th1 cells. To investigate whether the transgenic expression of anti-CTLA-4 scFv down-regulates islet-infiltrating Th1 cells, we collected pancreata and isolated the islet-infiltrating T cells. Results from intracellular cytokine analyses clearly indicated that the percentage of IFN-␥-producing Th1 cells infiltrating islets from each transgenic mouse is markedly lower than that of control islets from its paired nontransgenic littermate ( p ϭ 0.0011, Fig. 3C ), suggesting that ␤ cell-specific anti-CTLA-4 scFv significantly mitigates the pathogenic Th1 cell infiltration in transgenic islets and thus protects the NOD mice from the development of diabetes.
Lymphocyte development in transgenic mice
It has been well characterized that Th1 cells play an important role in the pathogenesis of autoimmune diabetes, and Th2 cells are believed to suppress the development of diabetes (26) . To study whether anti-CTLA-4 scFv-mediated protection in transgenic mice is through the regulation of Th1 and Th2 cell development, we crossed anti-CTLA-4 scFv transgenic mice to NOD-Th1/2 double transgenic mice and monitored the development of Th1 and Th2 cells in these anti-CTLA-4 scFv/Th1/2 triple transgenic mice. NOD-Th1/2 double transgenic mice carry two transgenes: human Thy1 (hThy1, hCD90) and murine Thy1.1 (mThy1.1, mCD90.1) driven by the murine IFN-␥ and IL-4 promoters, respectively (16) . Based on this double transgenic NOD mouse model, we can kinetically monitor and reliably distinguish Th1 (CD4 ϩ hCD90 ϩ ) and Th2 (CD4 ϩ mCD90.1 ϩ ) cells by cell surface staining in vivo or in vitro. The total cell numbers and proportion of each lymphocyte subpopulation (CD4, CD8, and CD19) in the spleen (Fig. 4A,  left) or PLN (Fig. 4B, left) were indistinguishable in anti-CTLA-4 scFv/Th/1/2 triple transgenic and their Th1/2 double transgenic littermates at the age of 8 wk, indicating that islet-specific expression of anti-CTLA-4 scFv does not interfere with the systemic development of lymphocytes in NOD mice. Additionally, the absolute cell numbers and percentages of Th1 and Th2 cells in spleen (Fig. 4A, right) or PLN (Fig. 4B, right) were not different between FIGURE 3. Characterization of the diabetogenic process in anti-CTLA-4 scFv transgenic mice. A, Urine glucose concentrations of female transgenic mice and control littermates were monitored weekly for spontaneous diabetes incidence. Diabetes was defined as glycosuria Ͼ500 mg/dl at two consecutive tests. B, The severity of insulitis was scored for the degree of mononuclear cell infiltration. Cumulative results in each group were determined from six mice at the age of 13-14 wk and at least 100 islets in total. C, The islet-infiltrating lymphocytes were isolated and stimulated with PMA and Ionomycin in the presence of monensin for 4 -5 h. The IFN-␥-producing CD4 cells were analyzed by flow cytometry.
triple and double transgenic mice, suggesting that anti-CTLA-4 scFv-mediated protection in NOD mice is not through suppressing the development of Th1 cells or inducing Th2 cells.
It has been well characterized that CD4 ϩ CD25 ϩ regulatory T cells (Treg) can inhibit the activity of self-reactive T cells and maintain immune tolerance (27, 28). CTLA-4, which is constitutively expressed on Treg cells, has been reported to be crucial for the immunosuppressive function of these cells (29, 30) . Previous studies have demonstrated that blocking CTLA-4 can affect the suppressive function of Treg cells and abolish the Treg-mediated protection against autoimmune colitis and transplant rejection (29, 31, 32). Moreover, previous reports indicated that NOD mice have PLN (F, right) were analyzed. G, The islet-infiltrating lymphocytes isolated from nondiabetic or newly diabetic transgenic mice (n ϭ 3) were stimulated with PMA and Ionomycin in the presence of monensin for 4 -5 h. The IFN-␥-producing CD4 cells were analyzed by flow cytometry. H, Splenocytes from 8-wk-old female mice were stimulated with synthetic GAD65 peptide p247-266 in vitro. The GAD65-specific T cell response was measured by the incorporation of [ 3 H]thymidine. I, Adoptive transfer of splenocytes from 12-wk-old female transgenic mice or nontransgenic littermates to NOD/SCID female recipients by i.v. injection. Glycosuria of recipients was measured every second day. Diabetes was defined as glycosuria Ͼ500 mg/ml at two consecutive tests. a deficiency in CD4 ϩ CD25 ϩ Treg cells (33) . To investigate whether the protection in NOD mice transgenic for anti-CTLA-4 scFv works through enhancing the development or activity of Treg cells, we first analyzed the number and percentage of CD4 ϩ
CD25
ϩ Treg cells in transgenic mice. Our results indicated that the numbers and percentages of CD4 ϩ CD25 ϩ Treg cells in spleen (Fig. 4A, right) or PLN (Fig. 4B, right) were indistinguishable between anti-CTLA-4 scFv transgenic and nontransgenic littermates, suggesting that the ␤ cell-specific expression of anti-CTLA-4 scFv is not able to increase the number of Treg cells.
To investigate whether the anti-CTLA-4 scFv influences lymphocyte development in the transgenic mice at the elder age, we performed the experiment to analyze the lymphocyte development in spleen and PLN from 13-to 14-wk-old or 19-wk-old triple and double transgenic mice. The total cell numbers and proportion of each lymphocyte subpopulation in the spleen or PLN were indistinguishable in triple and double transgenic mice at the age of 13-14 wk (Fig. 4, C and D, left) or 19 wk (data not shown) . Besides, the absolute cell numbers and percentages of Th1/Th2 or Treg in spleen or PLN were also indistinguishable between triple and double transgenic mice at the age of 13-14 wk (Fig. 4 , C and D, right) or 19 wk (data not shown). These results indicated that the lymphocyte development was not affected by transgene in different age.
To further investigate whether transgenic mice developing diabetes differed from transgenic mice protected from disease with regard to lymphocyte composition in spleen, PLN and islets, we analyzed the lymphocyte composition in spleen, PLN, and pancreatic islets from nondiabetic or newly diabetic triple transgenic mice. The lymphocyte compositions in spleen (Fig. 4E) or PLN (Fig. 4F) were indistinguishable between nondiabetic and newly diabetic transgenic littermates. However, the percentage of IFN-␥-producing CD4 cells in islets from nondiabetic transgenic mice is lower than that of islets from newly diabetic transgenic mice (Fig. 4G) , indicating the pathogenic role of Th1 cells in the development of autoimmune diabetes.
Diabetogenic properties of T cells in transgenic mice
To investigate whether local expression of anti-CTLA-4 scFv affects the diabetogenicity of systemic T cells, we performed in vitro T cell proliferation assays to examine the GAD65-specific T cell response in transgenic mice. GAD65 is one of the key autoantigens in NOD mice and GAD65-specific T cell activity is responsible for the diabetogenic process in IDDM. The levels of T cell proliferative responses to synthetic GAD65 peptide (247-266) of 8-wkold transgenic mice were similar to those observed from agematched control littermates (Fig. 4H) . This result indicates that anti-CTLA-4 scFv transgenic mice protected from autoimmune diabetes retain a significant autoantigen-specific T cell response. To further analyze the diabetogenic properties of lymphocytes in vivo, we adoptively transferred splenocytes from 12-wk-old transgenic mice or their nontransgenic controls to 8-wk-old NOD/SCID recipients. The two groups of recipients developed diabetes with similar time of onset, diabetic process, and severity (Fig. 4I) , strongly suggesting that transgenic anti-CTLA-4 scFv protects islets in situ instead of down-regulating the diabetogenicity of lymphocytes by systemically altering T cell function.
Transgenic expression of anti-CTLA-4 scFv on pancreatic ␤ cells inhibits T cell response to immobilized anti-CD3
To evaluate whether transgenic expression of anti-CTLA-4 scFv on pancreatic ␤ cells alters T cell function, we performed T cell proliferation assays in an islet-T cell coculture system. Islets isolated from transgenic mice or their nontransgenic littermates were dissociated into single cells and then verified for the expression of anti-CTLA-4 scFv by FITC-conjugated anti-HA Ab. The expression of anti-CTLA-4 scFv was significant and could only be detected on transgenic islet cells (80 -85% positive in transgenic islet cells vs 0% in nontransgenic islet cells, Fig. 5A ). For coculture experiments, T cells isolated from 7-to 9-wk-old nontransgenic NOD mice were first stimulated with anti-CD3 Ab then coincubated with islet cells either from transgenic or control mice. Islet cells are well-differentiated and almost nondividing cells, so the [ 3 H]thymidine incorporation in islet cells is very low and can be ignored (data not shown). Data from the coculture experiment demonstrated that T cell proliferation in response to immobilized anti-CD3 was significantly inhibited by coincubation with islet cells expressing anti-CTLA-4 scFv compared with control islet cells ( p Ͻ 0.005, Fig. 5B ). This result indicates that transgenic anti-CTLA-4 scFv on pancreatic ␤ cells acts as a CTLA-4 agonist to down-regulate the response of T cells.
Transgenic anti-CTLA-4 scFv prolongs islet graft survival and attenuates the infiltration of Th1 cells in the implanted area
Transplantation of pancreatic islets into a diabetic recipient is a potential strategy to cure IDDM. To investigate whether transgenic expression of anti-CTLA-4 scFv in transplanted islets could reverse diabetes in recent-onset recipients and protect ␤ cells against immune attack, we performed islet transplantation. We isolated islets from transgenic or control mice and implanted them into the left kidney capsule of newly diabetic female NOD recipients. In most recipients implanted with control islets hyperglycemia recurred within 7 days of transplantation, and the mean graft survival time was 6.125 days. All recipients grafted with transgenic islets maintained normoglycemia for at least nine days, and the mean graft survival time was Ͼ12.125 days ( p Ͻ 0.0005; Fig. 6A ). One recipient with grafted transgenic islets remained normoglycemic at day 21, and nephrectomy was performed to confirm that the normoglycemia in this recipient was due to a functional islet graft. These results indicate that transgenic expression of anti-CTLA-4 scFv in grafted islets can significantly prolong the survival of ␤ cells in diabetic recipients.
It has been demonstrated that Th1 cytokines such as IFN-␥, IL-2, and TNF-␣ are involved in the destruction of syngeneic islet grafts and result in diabetes recurrence in NOD mice (34, 35) . To investigate whether transgenic expression of anti-CTLA-4 scFv in transplanted islets further modulates the infiltration of Th1 cells, we analyzed the number and percentage of Th1 cells (CD4 ϩ hCD90 ϩ ) infiltrating implanted sites by using NOD-Th1/2 mice as diabetic recipients. Data from flow cytometric analysis clearly showed a significant decrease in the number and percentage of Th1 cells in transgenic islet-implanted sites, compared with control islet-implanted sites (1.65 vs 7.53%, respectively; Fig. 6B ). These results suggested that the longer survival of transgenic islet grafts may be, at least in part, due to the downregulation of Th1 cell infiltration to the graft area.
Discussion
CTLA-4 or CD152 is an essential receptor involved in the negative regulation of T cell activation and effector function. Because of its profound inhibitory role, manipulation of CTLA-4 signaling by blockage or augmentation has been considered a sound strategy for cancer immunotherapy or in prevention/therapy of autoimmunity, respectively, for over a decade. Because CTLA-4 shares its ligands, B7-1 and B7-2, with CD28, it has been difficult to develop a strategy of selective engagement of this molecule in vivo. A new exploration of the use of surface-linked, anti-CTLA-4 scFv in autoimmune therapy has been recently reported (15) . The long-term goal of immunotherapy for autoimmune diseases is to selectively inactivate and/or delete self-reactive lymphocytes, while avoiding systemic immunosuppression. Extending from this idea, we tested the hypothesis that islet-specific expression of an agonistic, membrane-bound, anti-CTLA-4 scFv could down-regulate the ␤ cellreactive pathogenic T lymphocytes and protect NOD mice from autoimmune diabetes. In the present study, we successfully generated transgenic NOD mice overexpressing anti-CTLA-4 scFv on the surface of ␤ cells under the control of human insulin promoter. Transgene expression in these mice is highly ␤ cell-specific, and mice are well protected from diabetes. Interestingly, our results demonstrated that ␤ cell-specific expression of anti-CTLA-4 scFv did not alter the regular development of CD4 ϩ , CD8 ϩ , Th1, Th2, Treg, and B cells in spleen and PLN of transgenic mice. Moreover, local expression of membrane-bound anti-CTLA-4 scFv did not influence the diabetogenic properties of systemic lymphocytes, because splenocytes from transgenic mice responded equally to in vitro GAD65 peptide stimulation and had equal capacity to transfer diabetes in NOD/SCID recipients as did splenocytes from nontransgenic littermates. Nevertheless, expression of transgenic anti-CTLA-4 scFv on pancreatic ␤ cells significantly inhibited the development of autoimmune diabetes in NOD mice, consistent with the result that transgene expression on pancreatic ␤ cells significantly suppressed mononuclear cell infiltration in pancreatic islets. Based on these results, we concluded that pancreatic ␤ cellspecific anti-CTLA-4 scFv protects NOD mice from autoimmune diabetes in an in situ manner, providing a theoretical basis for genetic manipulations in autoimmune prevention and/or therapy using an organ-specific strategy.
It has been well characterized that NOD mice gradually lose tolerance to ␤ cell Ags and that this leads to an aggressive peripheral immunity to pancreatic islets. Previous studies have demonstrated that CTLA-4 engagement is required for the induction of peripheral T cell tolerance in vivo (36, 37) . CTLA-4 signaling transduced by an agonistic, membrane-bound anti-CTLA-4 scFv has been reported to down-regulate T cell responses both in vitro and in vivo (13) (14) (15) 19) . It has been proposed that CTLA-4 signaling requires cross-linking in conjunction with TCR engagement in an in cis manner. Thus, the effective negative signal through CTLA-4 engagement depends on the molecule being engaged together with the TCR signal from the same APC. Interestingly, our result demonstrated that ␤ cells with anti-CTLA-4 scFv on their surface significantly inhibited the T cell response to plate-bound anti-CD3 Ab, suggesting an in trans signal provided by these transgenic islet cells. This result also suggests that anti-CTLA-4 scFv on ␤ cells may directly interact with CTLA-4 on activated self-reactive T cells infiltrating islets and subsequently inhibit their pathogenicity. This is supported by our observation that both the severity of insulitis and ␤ cell destruction in transgenic mice are markedly alleviated.
For generating agonistic single-chain Ab which can directly target on CTLA-4, membrane-bound form was the best choice (38, 39) . In previous study, Chou et al. (38) and Liao et al. (39) analyzed the ability of different TM domains to target proteins (e.g., anti-CD3 scFv) to the plasma membrane of cells. They demonstrated that high surface expression was achieved with chimeric FIGURE 6. Transgenic anti-CTLA-4 scFv prolongs islet graft survival and attenuates the infiltration of Th1 cells to the implanted area. A, Islets isolated from young (Ͻ8-wk-old) male mice were transplanted into newly diabetic female NOD mice. Blood glucose of recipients was monitored daily after islet transplantation. A successful transplantation procedure was defined as the nonfasting blood glucose returning to normal (Ͻ200 mg/dl) for two consecutive days after transplantation, and loss of graft function was defined as blood glucose Ͼ300 mg/dl at two consecutive evaluations. B, Lymphocytes isolated from islet grafts of anti-CTLA-4 scFv transgenic (left) or control (right) donors implanted to diabetic NOD-Th1/2 transgenic mice were analyzed by flow cytometry. CD4 ϩ lymphocytes were further separated into Th1 (CD4 ϩ hCD90 ϩ ) or Th2 (CD4 ϩ mCD90.1 ϩ ) cells. The percentage of CD4 ϩ lymphocytes is as indicated.
proteins composed of target protein and the TM and CT of murine B7-1 as well as with target protein containing a GPI-anchor from decay-accelerating factor (38, 39) . Griffin et al. (13) generated mem4F10 scFv (anti-CTLA-4 scFv) with B7 TM/CT or GPI anchor and tested its expression respectively. They demonstrated that high levels of surface expression were more consistently achieved using the B7 TM/CT. We therefore chose B7 TM/CT to target anti-CTLA-4 scFv to express on the plasma membrane of pancreatic ␤ cells. The study published by Grohmann et al. (40) indicated that B7 can transmit suppressive signals into dendritic cells (DCs), following engagement of CTLA-4. Their data showed that engagement of B7-1/B7-2 on murine DCs by CTLA-4-Ig stimulates DCs to produce IFN-␥ in a STAT-1-dependent pathway and subsequently induce IDO, which degrades tryptophan to byproducts that inhibit T cell proliferation. Apparently, the presence of IFN-␥ itself is absolutely essential for this B7-mediated reversed signaling because genetic deficiency of IFN-␥ completely blocked the ability of CTLA-4-Ig to generate kynurenine in vitro. To our knowledge, not much evidence supports that STAT-1/IFN-␥ pathway is active in pancreatic ␤ cells, therefore, it is not clear the B7-1 CT in our transgenic construct would transmit suppressive signals into pancreatic ␤ cells. Nevertheless, this interesting point needs to be further addressed.
A stringent way to test whether transgenic expression of anti-CTLA-4 scFv could protect ␤ cells against immune attack is to examine whether transgenic islet grafts could reverse diabetes in spontaneously diabetic mice. Based on our results, transgenic anti-CTLA-4 scFv significantly prolonged the survival of islet grafts in newly diabetic recipients, demonstrating the therapeutic potential of these genetically modified islet grafts. However, transgenic expression of anti-CTLA-4 scFv in islet grafts did not provide permanent protection from diabetes recurrence, indicating that other mechanisms such as inflammatory cytokine-induced ␤ cell stress (41, 42) , perforin-mediated cytotoxicity (43) , or elevated oxidative stress (25, 44) are involved in islet graft destruction, and that these are not able to be prevented by CTLA-4-mediated inhibition. Our laboratory previously demonstrated that islet-specific expression of transgenic decoy receptor 3 and PD-L1 protected mice from the development of autoimmune diabetes, and islet grafts from these transgenic mice survived better and longer in diabetic recipients, compared with islet grafts from their nontransgenic littermates (21, 45) . Based on our findings and the fact that various immune cells and cytokine effectors are involved in the destruction of islet cells in autoimmune diabetes, we hypothesize that a "mixture" expression of various transgenes, such as transgenic decoy receptor 3, PD-L1, and anti-CTLA-4 scFv, with different protective effects and mechanisms can synergistically or additively make islet cells better and stronger in their resistance to immune attack. We are currently testing this hypothesis.
Rabinovitch and colleagues have demonstrated that mononuclear cells such as CD4 ϩ , CD8 ϩ , macrophages, and B cells infiltrating islet grafts and Th1 cytokines such as IL-2, IFN-␥, and TNF-␣ were involved in syngeneic islet graft rejection and diabetes recurrence in NOD mice (34, 35) . Our flow cytometric data indicated that the major lymphocyte population infiltrating both transgenic and control islet grafts was CD4 ϩ T cells (data not shown), consistent with previous reports by other groups. To further dissect whether these graft-infiltrating CD4 ϩ T cells are IFN-␥-producing Th1 cells, we used newly diabetic NOD-Th1/2 double transgenic mice as recipients to directly analyze infiltrating CD4 ϩ T cells in islet grafts. Consistent with previous reports, we found that IFN-␥-producing Th1 cells were critically involved in islet graft destruction (35) . Moreover, we observed that the number of IFN-␥-producing Th1 cells inside transgenic islet grafts was significantly attenuated compared with that infiltrating control islet grafts. Although transgenic islet grafts were infiltrated with fewer IFN-␥-producing Th1 cells, they were eventually destroyed. This may suggest two possibilities. One possible explanation may be that the insulin promoter-driven expression of anti-CTLA-4 scFv was disturbed by primary nonfunction of transplanted islets. Another possible explanation is that transplantation processes trigger strong oxidative stress-or cytokine-induced apoptosis of transplanted islets, which cannot be blocked by CTLA-4 agonist. Nevertheless, targeting CTLA-4 negative costimulatory pathways with membrane-bound anti-CTLA-4 scFv in an organ-specific manner is a potential strategy for preventing or curing autoimmune diabetes. Transgenic expression of surface-linked anti-CTLA-4 scFv on B cells nicely protects NOD mice from autoimmune diabetes (15) , confirming the potential of CTLA-4 agonists in autoimmune diabetes. However, we take full advantage of this transgenic anti-CTLA-4 scFv in our animal model, because transgenic expression of anti-CTLA-4 scFv on pancreatic ␤ cells not only provides better islet grafts for transplantation but also avoids systemic immunosuppression, providing a theoretical basis for an organ-specific immunotherapy for autoimmune diabetes.
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